An auto-tuning method for high-angle annular detector dark field scanning transmission electron microscopy (HAADF-STEM) is proposed which corrects the defocus to the optimum Scherzer focus and compensates the astigmatism. Because the method is based on the image contrast transfer function formulated for the HAADF-STEM, the defocus and the astigmatism are accurately measured from input of two different defocus images. The method is designed to work independent of object function in the linear imaging model by analysing the spectral ratio between two Fourier spectra of their images, which is useful for cases where the spectrum of object function is not uniformly spread out over the reciprocal space. The method was preliminarily tested in a Hitachi HD-2000 STEM, and successful results of the auto-tunings from the viewpoint of verification of the algorithm were obtained using general specimens of Au fine particles and a thin section of a semiconductor device.
Introduction
Auto-corrections of electron optical parameters, such as defocus and astigmatism, are very useful for improving not only efficiency of microscopic operational works but also true image acquisition and image interpretation. Most auto-tuning methods based on image processing may be divided into two categories. One uses many images or many sets of signals (e.g. [1] [2] [3] ), and the other uses one image or images of limited number (about 4) (e.g. [4] [5] [6] ). The former is appropriate for cases in which it is hard to measure clear image characteristics directly related to optical parameters from a few images, which may be mainly utilized in scanning electron microscopes. However, if such image characteristics can be measured, the latter is obviously favourable to make the process high speed and to suppress irradiation damage. In highresolution transmission electron microscopy (HR-TEM), some methods of the latter category are utilized in practical microscope operation. For example, because in general the diffractogram of a single phase contrast HR-TEM image of an amorphous thin film shows an ellipsoidal ring pattern depending on the defocus and astigmatism, by analysing the pattern their values are calculated and the feedback to set the defocus to the optimum Scherzer focus and to correct the astigmatism can be made. The important thing is whether it is possible to directly relate image characteristics to the values of optical parameters.
High-angle annular detector dark field scanning transmission electron microscopy (HAADF-STEM) has recently been recognized as a powerful tool for materials science research (Pennycook et al. [7] ). Also, the image formation theory of HAADF-STEM based on a contrast transfer function has been formulated by Tanaka et al. [8, 9] , and has been experimentally proved. It is already known that corrections for defocus and astigmatism before high-resolution observation in STEM are possible using the Ronchigram, which is a type of shadow image [10] . Nevertheless, users still need useful methods for auto-correcting the defocus and astigmatism, because the final tuning of the STEM is still performed by trial and error by looking at scanning images on a CRT monitor.
Based on the formula of HAADF-STEM image formation in the previous work [8] , we devised an auto-tuning method for focusing and astigmatism correction. The method essentially works by input of only two different defocus images. If the linear imaging model is satisfied, the spectral ratio between two power spectra obtained by Fourier transforms of their images is unrelated to the object function and then is able to be fitted directly to the theoretical model based on the contrast transfer function, and the defocus and astigmatism parameters are accurately measured. In the present paper the method is described together with some preliminary experiments.
Imaging model
According to previous studies [8, 9, 11] , image intensity of high-resolution HAADF-STEM is expressed by a convolution of an object function O(x, y) with a probe intensity function p(x, y) under the projected potential approximation as I(x, y)=O(x, y)Äp(x, y); O(x, y)µ V(x, y, z)dz (1) The function p(x, y) is the square of the wave function of the electron probe on the entrance surface of the specimen, which is the square of Fourier transform of the pupil function of objective lens expressed in terms of reciprocal coordinates u, v,
where c(u, v) is the wave aberration function familiar with phase contrast TEM, and D(u, v) is the damping function due to accelerating voltage fluctuation (DE / E) and objective lens current fluctuation (DI / I), which are given by ,
where C s , f, f a , f a and l are the spherical aberration coefficient 
of the objective lens, the defocus (expressed in Sch with 1 Sch = (C s l) ½ ; f ¢ > 0: underfocus), the astigmatic difference, the direction of the vector of the astigmatism coefficient and the wavelength, respectively. D is the defocus spread which is defined as (4) where C c is the chromatic aberration coefficient.
The Fourier transform of a HAADF-STEM image can then be expressed as
If we denote the Fourier transform of the probe function by K(u, v) , it is defined as a transfer function of a HAADF-STEM image as
An overall characteristic of the transfer function K(u, v) can be shown as a function of the defocus because, if the astigmatism is neglected, the K(u, v) is calculated with a single variable r = (u 2 + v 2 ) ½ (Fig. 1 ). This is like the Thon diagram [15] for phase contrast TEM. The proposed method was devised based on the transfer function K(u, v).
In precise theoretical treatment, this linear imaging model is limited to very thin specimens in which an image is essentially a mass thickness map of a specimen [12] . The approach that the object function O(x, y) is given by the projected potential approximation (eq. 1) corresponds to the 'phase-grating' approximation [13] in the HR-TEM. Therefore, it is possible that thickness conditions for various specimen types, including crystals, amorphous films, cut sections, etc., are roughly comparable to those desired to take high resolution structure images with the HR-TEM. When the thickness of a specimen gradually becomes thicker than ideal, the linear model equation of eq. 1 deviates from a rigorous treatment of the imaging description. In such cases, a mathematical imaging model is probably formulated in a polynomial expression consisting of the linear term and other non-linear terms, or in an extended linear model convoluting a modified specimen function and a modified point spread function. (A similar approach to the latter appears in some articles describing similar problems in HR- TEM [e.g. 14] , in which this extension might be made by modifying only one side among both functions depending on the situation.) In this method of rigorous treatment, the linear equation (eq. 1) deviates with an increase of specimen thickness. From a practical point of view, however, it is probable that there is a thickness range in which a rough approximate linear model is dominant, especially for cases in which a relatively high spatial frequency region is disregarded. (Its range is probably different depending on atomic number and specimen structure. A rigorous treatment of this part might be clarified by further progress of the HAADF-STEM image simulation [9] .) In these cases it is probable that an autotuning method based on the linear model essentially analyses exposed image characteristics superficially fitting an extended linear model as mentioned above, in which non-linear characteristics may be treated as errors and ignored, depending on the goodness of the fitting processing and result. Therefore, if the linear imaging characteristic is relatively dominant, the linear model based auto-tuning is useful because it is feasible for the auto-tuning to bring the STEM up to a near optimum electron optical condition, though with a certain error. Fig. 2 Procedure of the proposed auto-focusing.
Methods for the auto-tuning

Auto-focusing
As shown in eq. 5, one Fourier spectrum of an image is made by multiplying two spectra of an object function and the transfer function together. Therefore, the clearness of the transfer function exposed by the Fourier transform of the image depends on uniformity and spread of the Fourier spectrum distribution of the object function over the reciprocal space. To extract the transfer function independent of the object function, the use of two images under different electron optical conditions was studied, i.e. two different defocus images were used. As described in the above section, using the image contrast transfer function K(u, v), two Fourier transforms of the images, F[I 1 (x, y)] and F[I 2 (x, y)], are given as
If we now consider a ratio between F[I 1 (x, y)] and F[I 2 (x, y)], it becomes independent of the object function as follows,
Because the right side of the equation is determined by electron optical parameters and operating conditions of a microscope, the auto-tuning method independent of the object function can be designed with a flow process (Figs 2 and 3 ). To divide one spectrum by another enhances the blurred contrast transfer function, which seems to be another merit for the processing, although the problem of signal to noise ratio is taken into account. Fig. 3 Procedure of the proposed auto-astigmatism correction; if necessary the whole procedure is repeated until the astigmatism is perfectly corrected.
First, the astigmatism is disregarded. In this case, the transfer function K(u, v; f) becomes independent of the direction q in the reciprocal space, and then it is represented by the function of K(r; f) (Fig. 1) . Therefore, is given by , and further since f 2 = f 1 + Df and Df is an arbitrary defocus difference, the ratio is represented by . If the Df is set, the diagram of is easily calculated (Figs 5f, 6f and 8f) and is prepared as theoretical model data in a computer memory. If it is possible to fit its experimental transfer function ratio processed from on-line two image acquisitions (I 1 (x, y) and I 2 (x, y)) to the theoretical model, the defocus value of f can be measured, and a feed-back to the optimum defocus position (the Scherzer focus) is performed. To make such fitting reliable, the following processes were developed.
First of all, the theoretical diagram is calculated and stored in a computer memory, where the defocus difference Df is set in advance. Because this division calculation generates very large values in some regions, to avoid fitting errors such regions are omitted in the numerical fitting process. To set the value of Df to a large one seems to be effective because the ratio varies widely. However, when it is too large, it is possible that the effective fitting spectral region becomes small. Therefore, in this study Df is chosen as [1] [2] . For high-resolution HAADF-STEM images, the proper range of Df might be changed to a small one.
In the auto-tuning process:
(i) Firstly, two images, I 1 and I 2 , are input whose defocuses are f and f + Df, respectively. (ii) Fourier transforms of the two images are performed.
is calculated, and R exp (u, v) is converted to (r, q) coordinate system, that is R exp (r, q). Subsequently, all radial distributions R exp (r, q) for discrete directions q i are averaged as follows, (9) where N is the number of discrete directions q i and the interval of q i was 1 [deg] in the present experiments. (iv)By an experiential threshold level to the power spectra, binary images B(r j , q i ) are made. Furthermore, two 1-dimensional radial counting histograms P(r j ) are made for them (Fig. 4a ). The histogram represents relative point numbers higher than the threshold as a function of spatial frequency radius (r) as follows,
From these histograms, a computer program estimates an upper spatial frequency limit for the correlation fitting. (v) The average distribution R ave (r) is fitted to the diagram using the cross-correlation technique, in which R ave (r) is correlated with the theoretical distribution on the or P(r j , q i ) (see the text for details).
diagram finely changing the defocus position f within a certain defocus range. Finally, the best fit defocus position is measured by searching the maximum cross-correlation coefficient (XCC), and then the defocus value of f is obtained (Figs 5g and 6g) . (vi)Based on the measured defocus value f, the amount of the lens current needed to move to the Scherzer focus is calculated, and it is fed back to the lens system. , where the white line shows the result of the best fit position for f. (h) and (i) The fitted theoretical distribution and the averaged radial distribution R ave (r) of the calculated ratio of (c). (g) Calculated cross-correlation coefficient distribution for every theoretical defocus data. The peak position is indicated in (f) by the white line. The measured defocus value f by the proposed method is indicated.
Auto-astigmatism correction
Here, the correction of the axial two-hold astigmatism is studied. When the astigmatism is influenced, the transfer function K(u, v) is not a circular ring pattern any longer but is an ellipsoidal ring pattern or a radiated pattern with two-hold symmetry. As known well in the HR-TEM, the phase contrast transfer function (PCTF) also forms similar ring patterns because the wave aberration function c(u, v) that is the main part of PCTF is the same as that of the transfer function K(u, v) in the HAADF-STEM. In the HR-TEM, because the PCTF is given by sinc (u, v) , when the pattern is an ellipsoidal ring the astigmatic difference f a and the defocus f can be directly obtained by measuring the characteristic positions on the major and minor axes. (The f is obtained by measuring those on the middle axis between the major and minor axes.) However, in the HAADF-STEM, because the transfer function K(u, v) is given by a convolution of the pupil function of objective lens (eq. 6), such direct measurements cannot immediately derive the astigmatic difference and the defocus. At present, a perfect method to measure the astigmatism from power spectra has not been found, but the following iterative method is possible. Suppose it is possible that the astigmatic difference f a and the defocus f are obtained by a similar method used in the analysis of the diffractograms in HR-TEM. Although these values are not true values, for a certain range of the astigmatism it is possible that these values approach the true values by an iteration process of the measurements and the feedback control of the defocus and the astigmatism correction by a stigmator.
The first two steps in the auto-focus process are the same as in the auto-astigmatism correction process. Steps three onwards are described. (c) A ratio = (R exp (u, v)) is calculated, and R exp (u, v) is converted to (r, q) coordinate system: R exp (r, q). Subsequently, every set of radial distributions R exp (r, q) within a certain narrow range of discrete directions q i -m < q i < q i + m is averaged, and each averaged distribution newly represents a radial distribution at the direction q i as follows, (11) where M is the number of discrete directions within q + m to q -m . These narrow ranges used in the averaging overlap each other: if the range is q i-m < q i < q i+m , neighbouring ranges are q i+1 -m < q i+1 < q i+1+m and q i-1-m < q i-1 < q i-1+m . In the present experiments the width |q ± m | was 9[deg]. (d) Similar to the auto-focus process step (iv), two power spectra of the images are processed to make binary images by the threshold. For each spectrum, every set of radial binary distributions within a certain range of the direction q i -m < q i < q i + m are counted and histograms P(r j , q i ) are made, each of which represents relative point numbers higher than the threshold as a function of spatial frequency radius (r) as follows (Fig. 4b) ,
The manner for choosing the range of the direction q i -m < q i < q i + m is the same as that in (c) above. From each pair of histograms for two power spectra at the same direction q i , a computer program estimates an upper frequency limit used in the correlation fitting. (e) Similar to the auto-focus process, every average distribution R ave (r, q i ) is fitted to the diagram using the cross-correlation technique, and the best fit defocus value for each direction q i is measured by the same manner. Then, a measured defocus distribution for q i is made (Fig.   8g) . (This defocus distribution is denoted by F(q i ). To realize reliable measurements for f a , f a and f, a least squared fitting is performed. Because the measured defocus distribution F(q i ) can be approximated to a function of , the following equation is derived (13) In this equation, the direction of astigmatism f a is not mathematically solved, but is numerically solved because f a exists in the finite range of 0-p. If f a is fixed, f and f a are simply derived from and as follows,
where N is the number of discrete directions q i . Furthermore, if q i is equally distributed from 0 to p, because A = 0, f and f a are derived in more simple forms as (15) f a is obtained by comparing every least squares error S (eq. 13) that is calculated by changing f a from 0 to p with a fine interval (e.g. 1 [deg] ) and using the above values for f and f a . f a indicating the minimum error S is the answer. According to the above fitting, f, f a and f a are measured. (f) Amounts of correction exciting currents to control x and y components of a stigmator are calculated based on the measurements of f a and f a , and they are fed back to the stigmator. (g) Processes (q) to (f) are repeated as necessary. (h) Finally, based on the last measured defocus value f, the defocus is controlled to the Scherzer focus.
Results and discussion
The methods described above were tested with a Hitachi HD-2000 200 kV field emission scanning transmission electron microscope. Parameters to determine the transfer function K(u, v) were as follows: the spherical aberration coefficient C s = 1.3 mm, the chromatic aberration coefficient C c = 1.4 mm, the defocus spread estimated D = 4.3 nm and the wavelength l = 0.00251 nm. The acceptance angle of the annular detector ranged from 50 to 200 mrad. Most components of the electron optical system and the image acquisition system were controlled with a Windows computer and the Hitachi control system software exclusive to the STEM. Most procedures of the proposed methods were written in C-language programs with the Borland C ++ Builder TM developing software system (Inprise Corp.). These test experiments were performed at several s / frame image acquisition rate. (Further experiments at high
speed frame rate will be tested in future.) The input image size was (1280 × 960 pixels) and the processed size was (512 × 512 pixels). Prior to the main experiments, to confirm that the imaging characteristics are subject to the image transfer function K(u, v), and to calibrate the defocus control digital unit, through focus HAADF-STEM images of fine Au particles deposited on a thin carbon film were taken and the serial power spectra of the images (Fig. 1) were fitted to the theoretical transfer function, in which averaged radii of the characteristic dark rings were used. Here, the correction of the astigmatism was performed by trial and error by observing the ring pattern of power spectra manually adjusting the stigmator. These fitting results are shown in Fig. 1 . Though the high frequency region characteristic of the transfer function was not traced since the specimen used here was not for atomic level resolution, a certain region needed for the present preliminary experiments was accurately traced. (Though the specimen may be not ideal one for the rigorous linear model, it was possible that accurate fitting at least needed to verify the algorithm of the method was made.) Since the through focus images were taken under the constant defocus interval (Df), the fitting process was made averagely preserving the constant interval condition. As a result of the measurement, the interval was 1.82[Sch] (1Sch = 57.12 nm). This interval was used in the setting of Df of the auto-tuning process.
The auto-focus process proposed here was tested. First, the specimen of Au fine particles was tested, which was convenient to confirm the processes because the spectral distribution of the specimen object function was homogeneous and the ring patterns easily appeared by proper defocus control in the underfocus side. After careful manual correction of the astigmatism, the tuning software input two HAADF-STEM images (direct magnification was × 60 000 and 1 pixel was 5 / 3 nm). The defocus of the second image was under Df than the first image. The initial defocus was intentionally set at large underfocus position. As a result of the auto-tuning test experiments, the process reliably worked. An example is shown in Fig. 5 . In the example the measured defocus f = 15.54[Sch] (887 nm) was verified by comparing the radii of the dark rings of the first experimental power spectrum with the theoretical ones. This was also supported by other analyses: the averaged radial distribution R ave (r) of the modulus ratio spectrum indicated a relatively high correlation value at the defocus f, and the profile of the distribution resembled the fitted theoretical one of within a region less than the limited spatial frequency (Figs 5h and 5i) . The image and the power spectrum after the auto-tune seemed to be well adjusted, though its defocus could not be verified precisely because the ring pattern no longer appeared (Fig. 7b) . Because the specimen used here may be rigorously not ideal for the linear imaging model and the resolution of the images was relatively low, it could not be judged that the tuned defocus was completely the Scherzer focus. However, it was found that the algorithm of the method is correctly worked provided that at least the linearity of the imaging superficially appears.
Similar auto-focus experiments with another type of specimen were examined. The specimen was a thin section of a dynamic random access memory (DRAM) device prepared by conventional FIB equipment. The sample was chosen as an example for a general case of specimen. In such a general case the spectral distribution of the object function is not spread out uniformly over the reciprocal space any longer and then, in general, the ring pattern is not observed. However, because the proposed method was designed to be independent of the object function under the linear imaging model approximation as described in the previous section, it was expected that the auto-tuning process functioned well. An example of the results is shown in Fig. 6 . Similar to the above experiment, it was examined after careful manual correction of the astigmatism and setting the initial defocus at underfocus position. Using the same defocus different Df = 1.82 [Sch] , two images were input. The auto-tuning software calculated the power spectra of the images and analysed them. The averaged radial distribution R ave (r) of the modulus ratio spectrum indicated the clear maximum correlation peak at 7.21 [Sch] , and the profile of the distribution resembled the fitted theoretical one within a region less than the low limited spatial frequency (Fig. 6) . The proposed method does not directly analyse the power spectra of images but does analyse the relative change between two spectra depending on a defocus change. Therefore, if the linear model approximates the HAADF-STEM imaging, the relative change of the spectra must be property that is independent of the object function. It is possible that the averaged radial distribution R ave (r) in Fig. 6i essentially shows the fact. In Figs 6c and 6i , the characteristic distribution formed from the contrast transfer function was recognizable even though it was limited to only the low frequency region and it did not seem to be wholly sufficient. As shown in Fig. 6i , the ratio of R ave (r) is nearly unity from zero frequency to about 0.1 (1 / nm), and in a higher region than it, the ratio gradually rises as the frequency increases. Further, one noisy maximum is seen near at 0.12 (1 / nm) which is also seen in Fig. 6c . This maximum is formed from the first dark curve of the transfer function K(r). (This first dark ring is seen in Fig.  6e , although it is extremely weak.) This profile resembles the theoretical one within the limited region. Figs 7c and 7d show the image and the power spectrum after auto-focusing. Similar to the above test, because the specimen used in this example is not ideal for the linear imaging model, it could not be recognized that the defocus was tuned to the optimum focus. However, it could be verified that the algorithm of the method works powerfully, provided that the transfer function is captured at a certain level.
Next, the auto-astigmatism correction was tested. At present, for general specimens such as a semiconductor device and others, a sophisticated algorithm has not been completed which automatically selects only effective spatial frequency regions (removing noise regions) and accurately fits such regions to the theoretical model even if the regions are heter-
ogeneously distributed. Therefore, in the present experiment, only a case of the specimen of Au fine particles was tested. As the first attempt, the astigmatism was set as not large, a level not needing the iterative correction procedure described in the above section. The result is shown in Fig. 8 where, similar to the above experiments, the initial defocus was set at underfocus position. Two different defocus images were input under the condition of the difference Df = 1.82 [Sch] . The images and their power spectra are shown in the figure. According to the algorithm (Fig. 3) , the power spectra were processed. At first, the measured defocus distribution for q i (F(q i )) was output, and the least squares fitting properly traced the measured distribution (Fig. 8g) . From the fitting result, the defocus f = 5.89[Sch], the astigmatic difference f a = 2.58 [Sch] and the direction f a = 155[deg] were measured. The cross lines displayed in Fig. 8c very closely coincided with the major and the minor axes of the ellipsoidal pattern. Also, the profiles of the average distributions R ave (r) along the major and the minor axes corresponded to the theoretical ones less than the threshold frequency limit (see arrows Figs 8h and 8i) . Fortunately, the dark ring pattern appeared in the power spectrum of the second input image, which could be used to confirm the measurement results by comparing with a simulated one calculated using the measured values of f, f a and f a . Figure 9a shows the comparison between them, which indicates that the measurements were correct. The image and the power spectrum input after the feedback of the auto-astigmatism correction seemed to be well corrected (Figs 9b and 9c) . (Here, the feedback of the defocus was not performed.)
The change of the patterns of the power spectra as the amount of the astigmatism increased was not so simple as compared with that of the diffractograms in HR-TEM. An example of an experimental series of power spectra changing only the amount of astigmatism in a constant interval is shown in Fig. 10 . Dark ring positions along the minor and the middle axes of every ellipsoidal pattern were plotted on the theoretical transfer function curves, where the middle axis was set at 45[deg] from the minor axis. In HR-TEM the defocus value measured from the diffractogram series does not change, and the difference between defocuses measured on Fig. 7 Resulting images of the auto-focusing for samples of Au fine particle (a) and DRAM specimen (c), together with their power spectra, (b) and (d), respectively. the major and the minor axes is equal to the astigmatic difference itself. In HAADF-STEM, as shown in Fig. 10 , the defocus value of appearance measured from the plots on the middle axis gradually changed to underfocus side, and in the present case, half of the defocus difference was not in proportion to the increase of the astigmatic difference for the region larger than the 4th power spectrum from the left end column in the figure. In this study we proposed the iterative process to cor- rect the astigmatism. However, because it is obvious that the above phenomena are caused by the transfer function K(u, v) is given by the convolution of the pupil function of objective lens (eq. 6). If the above deviations between the directly measurable defocus and the true one together with those on the astigmatic difference are theoretically clarified, it is probably possible to devise a new auto-tuning method using an overestimation technique which perfectly corrects the astigmatism by onetime tuning.
Theoretical accuracy of the proposed method depends on the reciprocal spatial height of measurable outer transfer function characteristics (measurable higher order ring) and closeness of the defocus to the Scherzer focus position. The change ratio of the transfer function to the defocus increases in dependence on such factors, and the accuracy gets higher. Although it seems that the change ratio of the transfer function dK(r; f)/df is not mathematically solved into a simple analytical function, it is feasible to roughly estimate the degree of the change ratio from dr/df derived from the well known Thon's curves for the phase contrast HR-TEM [15] In practice (underfocus side), the minus sign is chosen in the (c) The power spectrum and the image after the correction. Fig. 10 Experimental series of astigmatic power spectra and the change of defocuses and astigmatic differences measured directly from the dark ring positions along the minor and the middle axes (see plots), where the defocus was not changed and only the astigmatism was increased at a constant ratio.
equation and the range of n may be 1 to about 5, where n is the index number determined from sinc = ± 1. (The range of n is roughly determined by overlapping both transfer functions.) Because the present method is performed by fitting an experimental and the theoretical transfer function ratio , the fitting error should be taken into account. Fortunately, the profile of the ratio is a very sharp distribution as shown in the experimental results (e.g. Figs 5c and 5i) . Therefore, the error seems to be kept low, and in our experience the error may be ideally a few pixels on reciprocal space in the computer crosscorrelation processing. If the error is denoted as Dr, which is a converted value from the error pixels width to a corresponding reciprocal space value at a typical reciprocal position (e.g. corresponding to a dark curve in K(r; f) and roughly corresponding to the above index number n), the auto-focus error Df error is rough estimated by
If the pixel size of the Fourier transform of a STEM image is 512 and the sampling interval to make its digital image is adjusted so as to nearly fit the above typical reciprocal position to about 150-200 pixels away from the origin in the spectrum, the Df error at some typical defocus positions are calculated as shown in Table 1 . (The latter in the above assumption means that when the spectral pattern is too small due to changing the defocus it is enlarged to an appropriate size.) It is possible that the accuracy on the astigmatism correction tuning may be similar. This consideration will provide one criterion in the auto-tuning precision. As shown in Table 1 and from eq. 17, the accuracy decreases as the defocus increases. When the defocus is large, it is necessary to repeat the auto-tuning process to raise the accuracy. In this way, it is possible that close to 1 nm accuracy of the tuning may be achieved. An actual proof of the accuracy will be given by further experiments in applications to high-resolution HAADF images. Basically, the method is not restricted to any limit condition in high-resolution use, provided that the defocus region is underfocus side and high-resolution images can be taken with a thin enough specimen. However, in the case of crystal images, because the Fourier spectrum is concentrated around diffraction spots, it is difficult to get successful cross-correlation fitting to the theoretical model, even though the model is designed to be independent of the object function. In such cases, it may be necessary to move the view area to a neighbouring amorphous like part of the specimen, which is similar to utilizing the diffractogram-based auto-tuning in HR-TEM. (This is a theme which should be solved in high-resolution applications.)
In the present research plan to develop the proposed method to practical use, this study focused on verification of the algorithm, and we think it was considerably achieved. To take high-resolution HAADF images, more attention needs to be paid to the microscopic operation and specimen preparation to suppress an influence of mechanical vibration and image drift, because the time to take a high-resolution HAADF image is longer than that needed in the HR-TEM. Furthermore, in general, the signal to noise ratio of the high-resolution HAADF images seems to be recognized as lower than that in the HR-TEM due to lower intensity of high angle scattering electrons used in the HAADF than in the HR-TEM. Therefore, first in the present research progress, relatively low-resolution images were used because such technical problems could be avoided and then studies could concentrate on the verification of the algorithm of the method. However, because when the method is applied to the high-resolution HAADF images it is proved to be of real worth as an auto-tuning, we are planning its high-resolution application as a next stage and the results will be reported in near future.
Concluding remarks
An auto-tuning method for focusing and astigmatism correction in the HAADF-STEM was devised based on the image contrast transfer function, and the necessary image processing software was also developed. Preliminary experiments for auto-focusing and auto-astigmatism correction were tested, and the results needed were obtained, though the experimental images were not high resolution. In the experiments using a specimen of Au fine particles, the auto-focusing program measured an accurate defocus value and made the proper feedback to the optimum focus setting. This method uses two different defocus images and utilizes a modulus ratio between their Fourier spectra. If the linear model approximates the HAADF-STEM imaging, the mathematical model formulated with electron optical parameters independent of the object function gives the ratio of the spectra. Therefore, the method can powerfully tune even if the spectral distribution of the object function is not spread out uniformly over the reciprocal space. The auto-focusing worked well for a general specimen (a DRAM device), in which the ring pattern no longer appeared in the power spectrum even at any underfocus position that was different for the specimen of Au particles. This result essentially supported the above merit. Furthermore, the auto-astigmatism correction program accurately measured optical parameters of the defocus, the astigmatic difference and the direction of the astigmatism, and made the proper feedback to the stigmator, in which the specimen of Au fine particles was used. Based on the present successful results, --------------------------------.............................................................................................................................. however, further improvements of the auto-tuning software are needed to make it practical use for more general specimens. Those further improvements will be reported in near future including applications to high-resolution images.
